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separation, such as leeside flow. 

(t') Therefore, the objective of this ongoing investigation is to provide a hypersonic ex- 
perimental data base required for validation of advanced computational fluid dynamics (CFD) 
computer codes and for development of more thorough understanding of the flow physics nec- 

! 

A M E S  ALEBODY KYPERSONC TEST PROGRAM 
FOR CFD CODE VALIDATION (U) 

AMES ALL-BODY "lc TEST P R W  
FOR CFD CODE VAUDATK)N (U) 
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AMES ALLBODY HYPERSONIC AIRCRAFT EXPERIMENT (U) 
AMES 3.5-FT HWT (U) 

were previously investigated from subsonic to hypersonic Mach numbers (ref. 5). The present 

Q 

AMES ALL-BODY "ERSONIC A1RcRAFT EXERIMENT 
AMEs35-nHwT 0 

(q MODEL: 
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A M E S  ALLBODY HYPERSONIC AIRCRAFT MODEL (U) 
WITH CONTROL SURFACES (U) 

(V) This is a photograph of the complete all-body model with control surfaces (canard and 
combination horizontal/vertical tails). The support sting €or mounting the model in the tunnel 
is attached to the model along the afterbody centerline. 
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ALL-BODY HYPERSONIC ARcRAn MODO, (U) 
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A I S  ALL-BODY KYPERSONC AIRCRAFT MODEL (U) 
W/O CONTROL SURFACES (U) 

(V) This is a sketch of the all-body model without control surfaces to  show the basic 
del geometry and dimensions. As previously stated, the model is 3-ft long and has a delta 

planform with 75" sweepback and  elliptical cross sections for both the forebody and afterbody. 
The juncture between the forebody and afterbody occurs at 3/3 of the body length. The model 
nose can be either sharp or blunt with the blunt nose blended smoothly into elliptical shape of 
body. At the vertical symmetry plane, the elliptic-cone forebody has a half angle of only 3.83", 
while the elliptic afterbody has a half angle of 7.63". 

ALL-BODY HYPERSONIC AlRcRAn MODEL (U) 
W / O c c m ? c X ~ ~  (Ir) 

orpsicd 

R, = 0.0208 L 

-L = 0.914 m (3 @-I J 
R,=O.O0428L I 
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A M E S  ALLBODY HYPERSOhXE AIRCRAFT MODEL 
IX N A S A / A ? S  3.5-FT HWT (U) 

M’ 0 COKTROL SI-RFACES: LENGTH = 3 FT (U) 

(I;) This is a photograph of the all-body model without control surfaces installed in the 
XASA/Ames 3.5-foot Hypersonic W’ind Tunnel. A segment of the circular nozzle exit for the 
tunnel can be seen ahead of the model. The model support sting exits the top surface of the 
model afterbody. 
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AMES ALL-BODY HYPERSONIC AIRCRAFT EXPERIMENT (U) 
AhlES 3.5-FT HW'T (U) 

(I') The Ames 3.5-foot Hypersonic M'ind Tunnel (ref. 6) is a closed-circuit, blowdown-type 
tunnel with a pebble-bed heater to heat the air to prevent liquefaction and with axisymmetric 
contoured nozzles to achieve the test Mach numbers. The tunnel is equipped with a model 
quick-insert mechanism for quickly moving models (transit time as short as 112 sec) into and 
out of the air stream. 

(V) The test conditions for this study will include nominal free-stream Mach numbers of 
5, i ,  and 10 (Mach 14 nozzle being redesigned.); free-stream Reynolds numbers, based on model 
length of 3 ft, from 1.5 x 10' to 25 x IO6 (laminar to  turbulent flows); and model angles of 
attack of O", 5",  lo", and 15" (attached and separated flows). For the complete investigation, 
flow-visualization data (shadowgraphs and surface oil-flow patterns), surface pressures, surface 
heat transfer, and flow-field surveys (probes and laser velocimetry) will be obtained for the 
all-body model both without and with control surfaces (combination horizontal/vertical tails). ' 

(U) As previously stated, results from the flow-risualization portion of the investigation 
will be presented in this paper. These will include shadmgraphs and oil-flow patterns for the 
basic all-body model without control surfaces and with both sharp and blunt nose tips. Results 
are presented for o = 0' and 15' to illustrate the range of flow features. The surface skin-friction 
lines from oil-flow patterns, along with surface heat transfer and flow-field surveys, are critical 
for viscous code validation. - -. - - 

AMES ALL-BODY HYPERSONIC A I W  EXPERIMENT (U) 
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FLOW CO-NDITIONS FOR ALLBODY MODEL (U) 
AMES 3.5-FT HM'T; MODEL LESGTH, L = 3 FT (U) 

(C) For this test program, the minimum-twmaximum ranges of free-stream Reynolds 
numbers, Re,,L, based on model length of 3 ft, are shown on this graph for the various free  
stream Mach numbers, M,. The Re,,L ranges are 3.5 x IO6 to 15 x lo6, 1.5 x lo6 to 25 x IOG, 
and 1.5 x 10' to 5 x 10' at M, values of 5.3, 7.4, and 30.3; respectively. At M, = 14, when 
nozzle is operational, Re,,L will be limited to approximately 0.8 x IOE due to present restrictions 
on total pressure and temperature. The major portion of the test program is being conducted 
at h4= = 7.4 where there is the largest Reoc.L range. For the flow-visualization results to date. 
Re=,L was 15 x lo6 for M, = 5.3 and M, = f.4, and 5 x lo6 for M, = 10.3. The windward 
boundary laj'er should be turbulent over most of the model length at Reoc,L = 15 x IO6 but 
may be transitional at M, = 10.3 for Re,,L = 5 x lo6. Boundary-layer transition studies using 
heat-transfer gages will be conducted to assess these assumptions. 

(C) For computing the tunnel flow conditions, the air is treated as a thermally perfect. 
calorically imperfect gas with the relatively small imperfect-gas effects accounted for by the 
analysis of reference 7. Keyes' equation for viscosity (see ref. 8): rather than Sutherland's 
equation (ref. 7), is used because of the low free-stream static temperatures (approx 100" R). 

PLOW CONDITIONS POR ALL-BODY MODEL (U) 
AMES 3.5-PI' wr?: MODEL LENGf", L = 3 PI' (U) 
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UPWLhm PARABOLIZED NAVIER-STOKES CODE (U) 

(I') Comparisons of the experimental results with computational results from an upwind 
parabolized Navier-Stokes code will be shown later. The features of this new code (ref. 9) will 
now be briefly described in the following figures. 

(V) The upwind parabolized Navier-Stokes solver (UPS) has been developed in an effort 
to combine the shock-capturing characteristics of upwind numerical algorithms with the com- 
putational efficiency of a space-marching procedure. Conventional methods for solving the PKS 
equations incorporate artificial dissipation models which are not sufficiently adaptive to the 
sharp variations in flow properties associated with strong shock waves. As a result, captured 
shocks are generally accompanied by nonphysical oscillations and; or are smeared excessively. 
Recent work with algorithms for the unsteady Euler and Nal-ier-Stokes equations has developed 
methods which possess inherent dissipation that is sufficiently adaptive to rapid property varia- 
tions to allow the capture of extremely strong shocks without smearing or spurious oscillations. 
The algorithm used in the UPS code is an adaptation to the PNS equations of one of these 
methods . 

M D  PARABOUZED NAMER-STm CODE (U) 
I 

(u) MOT":  NUMERCAL ALGORlTHMS ClRRENKY EMPLOYED IN SPACE 
M A W G  AMJCATlONS HAM OFFKXllM RESOLVlNG THE 
STRONG DlSCONnNUmES OF HYPERSONIC 
FLOW 
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not large. The second assumption is generally considered valid for high Reynolds number flows. 
The third assumption results from the neglect of part of the streamwise pressure gradient in the 
subsonic region of the boundary layer, which is necessary to prevent the numerical difficulties 
associated with the upstream propagation of information. 

(U) Under the above assumptions, the governing equations are hyperbolic-parabolic with 
respect to the streamwise direction provided that the flow outside the boundary layer is super- 
sonic and that no streamwise separation regions - crossflow separation does not present any 
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PARABOLIZED NAVIER-STOKES EQUATIONS (U) 

PARABOWED NAVIER-STOKES fQUAllONS @) 
I 
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treatment of the boundaries. Finally, the method makes use of the finite-volume approach in 
order to ensure that fluxes are treated in a consermtive manner. 

UPWlNDPNSCODE (U) 

UNCLASSIFIED 
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ALLBODY MODEL SHADOWGRAPH (U) 
Q = 0': SH.4RP FOSE (U) 

M, = r . 4 :  Re,,L = 15 x lo6 (V) LI 

(V) The next several figures illustrate the flow features for the sharp nose model. The 
straight bow shock. forebody boundary layer. and Prandtl-Meyer expansion at the forebody/afterbody 
juncture in the vertical symmetry plane are visible in this shadowgraph at a = 0" .  The bound- 
ary layer appears to be turbulent with a thickness of approximately 1/4-in. at the juncture 
point. 
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ALL-BODY MODEL s" (U) 
a = O " ;  W N O S E  clr) 
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PNS LAMINAR SOLUTION FOR ALLBODY MODEL 
PRESSURE COXTOURS (U) 

a = 0': SHARP SOSE (I-) . .  
> I x  = i . 4 ;  Rem,L = 15 x 10' (I-) 

(U) A laminar Rou-field solution. using the PSS code previously described: is given%%%Y 
I the symmetry plane for the all-body model at the same test conditions as for the shadowgraph, 

in the preyious figure. The computed pressure contours illustrate the basic flow features, such as 
the bow shock and Prandtl-Meyer expansion at the forebody 'afterbody juncture. As would be 
expected. the shock position is computed quite accurately by the code. However, this laminar 
computation ghes a thinner boundary-layer thickness than that for the turbulent result of the 
experiment. Also. since the current version of the code is for laminar flow only, the silrface 
skin-friction lines for the turbulent Row on the model were not computed. 

~ 

(U) The grid used for this calculation contained 60 cells circumferentially and 43 cells 
stretched outward from the wall. The initial conditions required for the space-marching approach 
were provided by results of an iterative step-back procedure: which generated a conically similar 
starting solution at 1 = 0.24m (1 'L = 0.26). Contours between the nose and z = 0.24m have 
been drawn by assuming the flow is conical in this region. The generation of the starting solution 
required approximately 40 min of CPL time on the Cray X-MP computer. The generation of 
the remainder of the flou field. using the space-marching technique. required approximate11 1 hr 
of CPL time. 

PNS LAMINAR SOLUTION FOR ALL-BODY MODEL 

a = O o ;  SHARPNOSE (UJ 
k4p7.4; Re,L=15x106 (@ 

PRESSURE CoNroURs (u) 

.12 
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ALLBODY MODEL SHADOWGRAPH (U) 
Q = 15'; SHARP SOSE (L-) 

Mx = i . 4 :  Reoc.L = 15 x IO' (V) 

(V) The windward bow shock, forebody boundary layer, and Prandtl-Meyer expansion at  
the forebody!afterbody juncture are visible in this shadowgraph at Q = 15' for the sharp nose 
model. As for Q = O", the boundary layer appears to be turbulent. but somewhat thinner. 

ALL-BODY MODEL s" (U) 
a=t5"; StMPNOsE (UJ 

k07.7.4; Re,C=tSx10' 
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FOREBODY SHOCK-WAVE AlWGLE FOR ALEBODY MODEL (U) 
SH.4RP KOSE; M, = 7.4: Reoc,t = 15 x IO6 (C) 

(U) This is a graph at M, = 7.4 of the forebody shock-wave angle, eU, as a function of 
the lower-surface inclination angle. e t ,  for the vertical symmetry plane of the sharp nose model. 
As shown on the model sketch, these angles are measured from the horizontal free-stream flow 
direction. The value for 0, is the sum of the angle of attack: a: and the forebody half angle 
of 3.83'. Experimental values of 8, for Q = 0". So, IO', and 15' (6, = 3.83", 8.83", 13.83': 
and 18.83'; repectively) are plotted. Also plotted are 0, values computed by the PNS laminar 
code for Q = 0' and 10' (0, = 3.83" and 13.83": respectively). As would be expected. the 
PS'S results are in excellent agreement with the shock-wave data. In addition, estimates of 6, 
by simple tangent-cone and tangent-wedge inviscid methods are shown. Comparing the data 
and PSS results to these approximate methods indicates a change from a wedge-like shock to a 
conical shock with increasing angle of attack (increasing e8). Similar trends were observed for 
hl, = 5.3 and 10.3. 

FOREBODY SHOCK-WAVE ANGLE FOR ALL-BOBY MODEL (U) 
SHARP NOSE; Mm = 7.4; Re,.L = 15 x 10 (U) 

40.0 

0.0 

Lower-Surface Inclination Angle, e,, deg 6-14 
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ALL-BODY MODEL OIEFLOW PATTERN (U) 

hi, = 7.4; Re,,L = 15 x loG (U) 
a = 0"; SHARP NOSE (U) 

(U) The skin-friction lines (limiting streamlines) were visualized using the surface oil-flow 
technique (ref. 10). The model was painted with a thin layer of high-temperature, flat-black 
paint; wet sanded; and then coated uniformly with a white oil mixture (vacuum pump oil, 
titanium dioxide powder, and oleic acid) to provide good contrast for photographs. The model 
was exposed to the tunnel flow for appoximately 10 to 30 sec, depending on test conditions, 
to develop a stable oil-flow pattern. During the runs, observations of the model with a video 
camera demonstrated that the model travel through the tunnel free-jet shear layer during model 
insertion and retraction had no adverse effects on the flow patterns developed during the runs. 

(U) The oil-flow pattern given here a t  a = 0" for the sharp nose model shows a wedge-like 
(strip) surface flow for the forebody. This was characteristic of the flows at  all three Mach 
numbers. The curved line of oil-flow termination on the afterbody does not necessarily indicate 
flow separation, but rather lack of a fully-developed oil-flow pattern with time. A less viscous 
oil mixture or discrete oil dots on the model surface is required to  obtain more detail in these 
low shear areas. This will be done in follow-on tests. 

I Postrun still photographs were made of the surface oil-flow patterns. 

ALL-BODY MODEL OIL-FLOW PATTCRN (U) 
a = 0'; SHARP NOSE (U) 

M,=7.4; Re,-l = 15 x106 (U) 
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ALL-BODY MODEL OILFLOW PATTERN (U) 
a = 15"; WINDWARD; SHARP NOSE (U) 

M, = 7.4; Reoo,L = 15 x lo6 (U) 

(U) As the angle of attack was increased for the sharp nose model, the winL.vard oil- ow 
patterns changed from wedge-like (strip) to conical flow patterns. For this oil-flow photograph 
at angle of attack, the conical pattern of the skin-friction lines is readily visible on the windward 
surface of the model forebody. However, the skin-friction lines begin to converge inward toward 
the model centerline at  the forebody/afterbody juncture. These features were characteristic of 
the flows at all three Mach numbers for the sharp nose model. 

ALL-BODY MODEL OIL-FLOW PATTERN (U) 
. .  

a=Eo;  WNDWAFQ SHARPNOSE (U) 
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ALL-BODY MODEL OIEFLOW PATTERN (U) 

M, = 5.3; Re,,L = 15 x loG (U) 
o = 15"; LEEWARD; SHARP KOSE (U) 

(U) The next three figures show leeward oil-flow patt.erns at a = 15" for M, = 5.3, 7.4, 
and 10.3. This oil-flow pattern at  M, = 5.3 illustrates the complex leeward vortical flows 
characteristic of conical and delta-planform bodies a t  angle of attack. The reattachment line 
("feathered" oil-flow pat tern) for the two primary vortices is readily visible on the most leeward 
ray. The presence of two secondary vortices is also visible outboard of the primary reattachment 
region. The actual separation lines for the primary vortices near the model leading edges are 
not definitive because the oil-flow pattern may not be fully developed with time in these regions. 
The slight disturbances in the oil-flow pattern near the nose tip are due to transverse joints in 
model surface. The two straight lines along conical rays, just inboard from each leading edge, are 
joints for the removable cover plate on leeward surface. The shock/boundary-layer interaction 
at the sting attachment on the afterbody can be seen. No other significant details are apparent 
in the oil-flow pattern for the low-shear regions of the afterbody. 
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ALEBODY MODEL OILFLOW PATTERN (U) 
Q = 15"; LEEWARD; SHARP NOSE (U) 

M, = 7.4; Reoo,L = 15 x loG (U) 

(U) This leeward oil-flow pattern at M, = 7.4 is similar to that for M, = 5.3 but the 
lateral extent of the primary and secondary vortices on the surface is diminished. 

ALL-BODY MODEL OIL-FLOW PATTERN (U) 
a=lSo; LEEWARD; SHARPNOSE 

= 7.4; R e o o ~  = 15 x lo6 (U) 
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ALEBODY MODEL OILFLOW PATTERN (U) 
a = 15'; LEEWARD; SHARP NOSE (U) 

M, = 10.3; Reoo,t = 5 x lo6 (U) 

(U)  This leeward oil-flow pattern at  M, = 10.3 shows still less extent of the reattachment 
region for the primary vortices compared to the previous results for M, = 5.3 and 7.4. Also, no 
secondary vortices are evident on the surface from this oil-flow pattern. The last three leeward 
oil-flow patterns illustrate a diminishing extent of the vortical surface patterns with increasing 
Mach number. Some of the effects observed at  M, = 10.3 could also be due to a lower Reynolds 
number than that for M, = 5.3 and 7.4 (5 x lo6 vs 15 x lo6). 

AIL-BODY MODEL OIL-FLOW PATTORN (u) 
a=lSo; LEEWARD; SHARPNOSE (u) 
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ALLBODY MODEL SHADOWGRAPH (U) 
Q = 0'; BLI.lLr?;T SOSE (C) 

34= = 1 . 4 ;  Re,,L = IS x IO6 (V) - 

(I-) The next several figures illustrate the flow features for the blunt nose model at hl, = 
7.4 and Rea?,L = 15 x IO'. The curved bow shock and the Prandtl-Meyer expansion at the !  
forebodyj'afterbody juncture are visible in this shadowgraph at Q = 0". The forebody boundary 
layer, unlike for the sharp nose model, is not evident in the shadowgraph. 

ALL-BODY MODEL s" (U) 
a = O o ;  Wr*ITW (U) 

&=7.4; Re,A=t5xlO6 &J) 
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ALL-BODY -MODEL SHADOWGRAPH (U) 
Q = 15'; BLUXT XOSE (C)  

3lX = i.4: Reac.L = 15 x IO6 ( V )  

(V) The bow shock is observed on both the windward and leeward sides of the blunt nose 
model in this shadowgraph at Q = 15'. The forebodp boundary layer and the Prandtl-Meyer 
expansion at the forebody afterbody juncture are also visible on the windward side. 

ALL-BODY MODEL s" (U) 
a = E 0 ;  BWNTNOSE (UJ 

6 -21 
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ALEBODY MODEL OIL-FLOW PATTERN (U) 
a = 0'; BLUNT NOSE (U) 

M, = 7.4; Reoo,L = 15 x 10' (U) 

(U) The oil-flow pattern, given here a t  a = 0" for the blunt nose model, shows the surface 
skin-friction lines converging on the forebody toward the model centerline. This is a departure 
from the strip-type flow observed with the sharp nose model at a = 0". Just downstream of the 
blunt nose there is also a low shear region with possible flow separation. As for the sharp nose 
model, the curved line of oil-flow termination on the afterbody does not necessarily indicate flow 
separation, but rather lack of a fully-developed oil-flow pattern with time. 
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a = O o ;  BWNTNOSE (U) 
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ALL-BODY MODEL OIL-FLOW PATTERN (U) 
a = 15'; WINDWARD; BLUNT NOSE (U) 

M, = 7.4; Re,,L = 15 x lo6 (U) 

(U) For this windward oil-flow pattern at CY = 15", there is still some convergence of the 
skin-friction lines near the nose due to bluntness. Downstream of the bluntness effects, a conical 
pattern of the skin-friction lines is readily visible on the remainder of the forebody surface and, 
as for the sharp nose model, the skin-friction lines begin to converge inward toward the model 
centerline at the forebody/afterbody juncture. 

I 
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ALL-BODY MODEL OIL-FLOW PATTERN (U) 
a=lS"; WINDWARD, BWNTNOSE: (u) 

tvl-=7.4; RemL=t5x10* (U) 
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ALL-BODY MODEL OIEFLOW PATTERN (U) 
cr = 15"; LEEWARD; BLUNT NOSE (U) 

M, = 7.4; Reoo,L = 15 x lo6 (U) 

I 

I (U) This leeward oil-flow pattern, corresponding to the previous windward result, illustrates 
the increased complexity of the leeside flow for blunt-nosed bodies compared to that for sharp- 
nosed bodies a t  angle of attack. Multiple vortical patterns are readily seen. The reattachment 
line ("feathered" oil-flow pattern) for the two primary vortices is visible on the most leeward 
ray. The presence of other vortices in the nose region due to bluntness is quite evident. 
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ALL-BODY MODEL OIL-FLOW- PATTERN (U) 
a=15"; LEEWAF?& BWNTNOSE (U) 

k o 7 . 4 ;  Re,L=SxlO' &J) 
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CONCLUDING REMARKS (U) 

(I?) This paper defined a comprehensive test program in the NASA,!Ames 3.!bfoot Hyper- 
sonic \I'ind Tunnel for obtaining data on a generic all-body hypersonic vehicle for CFD code 
validation, outlined the major features of a new upwind PKS code being applied t o  the all-body 
model. and presented flow-visualization results for sharp and blunt nose models at angles of 
attack from 0" to 15'. 

CONCLUDING REMARKS (U) 
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